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Origami in engineering is gaining interest for its potential as deployable or shape-adaptive structures.
Practical systems could employ a network of actuators distributed across the structure to induce these
deformations. Selecting the actuator locations requires an understanding of how the effect of a single
actuator propagates spatially in an origami structure. We combine experimental results, finite element
analysis, and reduced-order bar-and-hinge models to show how a localized static actuation decays
elastically in Miura-ori tubes and sheets. We observe a strain reversal, before the origami structure springs
back to the initial configuration further away from the point of actuation. The strain reversal is the result of
bending of the facets, while the spring back requires in-plane facet deformations.
DOI: 10.1103/PhysRevLett.123.025501
Engineering applications of origami, as deployable or
shape-adaptive structures, are unfolding across various
fields [1–3]. It is therefore important to consider how such
origami structures can be designed to achieve a defined
shape. Uniform self-folding across a sheet of origami has
been investigated previously [4]; instead, we aim to exploit
a network of distributed actuators to reconfigure an origami
structure. This allows for an adaptive system, which is
reconfigurable into a range of 3D configurations from a
single flat sheet. The selection of the size and location of
such actuators, e.g., fluidic pressure [5] or shape memory
materials [6], is driven by the mechanical response of the
structure.
The simplest model to capture the mechanics of origami,
rigid origami [7], represents the folds as perfect hinges and
the material between the folds, the facets, as infinitely stiff.
This kinematic understanding of origami shows that the
Miura-ori [8], a common unit cell in tessellated origami,
has a single degree of freedom, and drives the models
showing the global behavior of Miura-ori structures [9,10].
However, simple experimentation with a paper model of a
Miura-ori structure shows that, in practice, it does not
possess a single degree of freedom; a local actuation, e.g.,
the opening of a single fold, does not propagate evenly
throughout the structure. Instead, it decays away from the
source, because the facets are able to deform; see Fig. 1.
The aim of this Letter is to understand the effect of these
facet deformations on the elastic decay of a localized
actuation in an origami structure. This understanding is a
step towards designing actuated origami structures, for
either deployment or transformation into another 3D
configuration.
Localization of an actuation can be captured by aug-
menting rigid origami with a pseudofold across the short
diagonal of the facets to represent their bending [11], which
increases the number of degrees of freedom. Adding a
stiffness to the folds and pseudofolds transforms the Miura-
ori from a mechanism into a structure [12]. Bar-and-hinge
models offer an efficient approach to capture the structural
behavior of origami [3,11,13,14]. In these models bars
are placed along the fold lines and across the facet
diagonals, to model the in-plane facet deformations, and
the fold and facet bending stiffness are represented by
hinges along the bars. These models have been extended
to nonlinear analyses, such as the open-access software
MERLIN2 [15], which is used in the current work.
For a higher fidelity investigation of the response of
origami to a localized actuation, finite element analysis
(FEA) may be used. Using shell elements to model the
facets, FEA has been applied to linear-elastic static prob-
lems [16,17], as well as analyses involving plastic defor-
mations [18,19]. The folds are generally modeled as
smooth curved sections, or by shell elements connected
at a fixed angle. FEA provides insight into the behavior of
origami structures, but reduced-order models, such as the
bar-and-hinge models, are often preferable for providing a
physical understanding [3,9].
Another approach is to exploit the translational sym-
metry of origami structures such as the Miura-ori and
employ a Bloch wave analysis, which is typically used to
FIG. 1. A localized actuation, here compressing a unit cell, at
one end of a Miura-ori tube propagates along its length. The
deformation elastically decays away from the source, eventually
returning to the unperturbed shape. This elastic decay is a result
of facet deformations, which alter the unit cell kinematics.
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analyze wave propagation in periodic structures [20]. Evans
et al. [21] use a similar technique to investigate the decay of
local perturbations in Miura-ori sheets. The effect of a local
perturbation is related to its magnitude and the unit cell
geometry, where the facets are permitted to bend around
the short diagonal, but the effect of in-plane stiffness is
neglected. In this Letter we challenge the assumption that
the bending of the facets, and opening and closing of the
folds, can fully capture how a localized actuation decays.
Instead, we shall demonstrate that it is also important to
incorporate the in-plane deformation of the facets, using
experimental, FEA, and reduced-order models.
Local actuation of Miura-ori tube.—We simplify the
spatial decay of a localized actuation to a single dimension
by considering Miura-ori tubes [3,22]. The local actuation
is here taken as a compression of a unit cell at one end of
the tube, by moving the top and bottom vertices towards
each other; see Fig. 1. Different methods of actuation, such
as opening various combinations of folds, were found to
give equivalent responses. Squeezing was selected for ease
of implementation in the experiments and reduced-order
models. The elastic decay of the actuation is captured by
the angle η between the parallel folds; see Fig. 2. The unit
cell deformation is normalized as ηˆ,
ηˆ ¼ η − η0
ηmax − η0
; ð1Þ
with initial configuration η0 and maximum deformed
configuration along the tube ηmax.
Experimental samples are constructed from card material
(300 gsm Canford) with a thickness of 0.37 mm. Each tube
consists of 10 unit cells, with dimensions a ¼ b ¼ 30 mm
and angle α ¼ 60°, as defined in Fig. 2. The fold lines are
perforated using a laser cutter (2 mm cuts separated by
2 mm material). Each half of the tube is folded separately,
and bonded together using double-sided adhesive tape
attached to tabs. The finished tube is fully compressed,
then fully extended, in the x direction and allowed to return
back to a natural rest state, with η0 ≈ 104°. Thus all folds in
the tube undergo two full cycles of 180° from flat to folded
and back, before being allowed to rest. The initial rest state
varies slightly between samples, but this has limited effect
on the observed response, as evidenced by the narrow band
of experimental scatter in Fig. 3. The tubes are then placed
horizontally, to eliminate the effects of gravity. The unit cell
on one end is compressed symmetrically by approximately
10 mm, actuating the tube in a manner consistent with
Fig. 1. The deformed geometry is captured using a 3D laser
scanner, and the resulting point cloud is processed to
extract the fold lines, vertices, and ηˆ along the tube [23].
Three different samples of the tubes were manufactured, as
shown in Fig. 2(b).
The finite element model is implemented in ABAQUS/
STANDARD. The facets are meshed using S4R shell ele-
ments, and the folds are modeled using torsional springs
(CONN3D2) between coincident nodes. For further details
of the finite element modeling, see Supplemental Material
[24]. The facet material properties were determined from
tensile tests of the card material. The card material has a
dominant grain direction, and is therefore specially ortho-
tropic. However, FEA models using corresponding iso-
tropic facet properties showed similar responses, and thus
the equivalent isotropic Young’s modulus 3750 MPa and
Poisson’s ratio ν ¼ 0.26 were used. An average fold
stiffness kF ¼ 0.1 N=rad (per unit length of fold) was
determined using two methods, a global compression of the
tubes [23] and single fold testing (see Supplemental
Material [24]). The fold stiffness was found not to vary
significantly with the orientation with respect to the grain
of the card, likely due to the removal of a significant portion
of the material at the fold in the perforation process.
For both the FEAmodel and the experimental results, the
angles η are calculated by fitting a straight line to the points
which are on the front and rear parallel folds. The angle
between these lines is taken as η.
As seen in Fig. 3, both experimental and FEA results
show an elastic decay of the local actuation along the length
of the tube. Notably, a strain reversal is observed, indicated
by negative values for ηˆ, where the unit cell deformation is
of the opposite sense to the actuation. Towards the end of
the tube ηˆ returns to zero, i.e., the undeformed configura-
tion, here referred to as spring back. These effects, despite
(a)
(b)
FIG. 2. (a) Geometric parameters of a Miura-ori unit cell. Angle
η is used to characterize the unit cell deformation. (b) Physical
model of Miura-ori tube used in the experiments.
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their small magnitude, are measurable and perceptible in the
physical models. The difference between the FEAmodel and
the experimental model could be due to uncertainty in the
experimentally obtained linear fold stiffness used in the
torsional springs in the FEA model. This study focuses on
understanding the trends and contributing factors behind the
mechanical response observed experimentally and captured
in the FEA models. To gain a better physical insight into the
deformations, we therefore analyze the Miura-ori tube using
a reduced-order bar-and-hinge model.
The bar-and-hinge models for origami structures allow
the in-plane, facet bending, and fold stiffness to be varied
independently [11,13]. Models with a single pseudofold
across the short diagonal of a facet consist of four nodes,
joined together by five bars, and are referred to as N4B5.
The in-plane deformations can be captured more accurately
by placing bars (and thus pseudofolds) across both diag-
onals and adding a node at the intersection, resulting in an
N5B8 model [13]. Figure 4 shows the result of two bar-
and-hinge types, the nonlinear N5B8 implementation in
MERLIN2 [15] and a linear N4B5 model [11], which
represent two levels of simplification from the FEA.
A challenge in using reduced-order models is determining
suitable equivalent material properties. Both models cal-
culate the facet bending stiffness according to the empirical
equations by Filipov et al. [13]. For the linear N4B5 model
the in-plane stiffness was calibrated to produce a realistic
response, and due to its linearity the actuation magnitude is
1=1000 of the unit cell height H. Both reduced-order
models accurately capture the behavior exhibited in the
FEA model. Hence, the rest of the results reported in this
Letter use the linear N4B5 model, restricting the direct
applicability to small changes in geometry.
Effect of stiffness on local actuation.—Using this model,
we explore the effect of the different stiffness components
(bar stiffness kS, facet bending stiffness kB, and fold
stiffness kF) on the observed elastic decay of the Miura-
ori tube, and specifically its strain-reversal and spring-back
features. In the finite element model the facet in-plane and
bending stiffness are intrinsically linked through the elastic
properties (E, ν) and facet geometry (thickness t, dimen-
sions a, b, angle α). Here we vary the three stiffness
components of the reduced-order model independently,
and report the results in terms of the ratio μFB of the fold
and facet bending stiffness,
μFB ¼
kF
kB
¼ kF
12ð1 − ν2Þd
Et3ð0.55 − 0.42 2απ Þ

t
d

1=3
; ð2Þ
and the ratio μFS of the fold and facet in-plane stiffness,
μFS ¼
kF
kS
¼ kF
EA
; ð3Þ
with the length of the short diagonal d, thickness of the
facets t, and the bar area A. The facet bending stiffness kB is
based on the expression from Filipov et al. [13]. Lechenault
et al. [25] introduced an “origami length scale” as the ratio
of material flexural stiffness and the fold stiffness, but we
here use μFB to also account for the facet geometry.
To understand the effect of the stiffness ratios, μFB and
μFS, three cases are considered. First, the bending and in-
plane stiffness of the facets are separated, using Lagrange
multipliers to constrain facets to be inextensible or remain
planar. Next, we show the transition from inextensible
facets to a tube with physical properties, to highlight how a
realistic response to a local actuation is a combination of
these two special cases.
0 2 4 6 8 10
Unit Cells [-]
-0.2
0
0.2
0.4
0.6
0.8
1
Experimental Range
Experimental Mean
Finite Element Analysis (FEA)
FIG. 3. Comparison of experimental results and numerical
models. The unit cell deformation ηˆ is plotted along the length
of the tube. Both experimental and FEA results show a strain
reversal of the unit cells (ηˆ < 0), before springing back to the
original configuration (ηˆ ¼ 0).
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FIG. 4. The nonlinear MERLIN2 and linear bar-and-hinge model
capture the behavior accurately compared to FEA, where
kF ¼ 0.1 N=rad, kB ¼ 1.3 N=rad, and kS ¼ 1.0 N=m.
PHYSICAL REVIEW LETTERS 123, 025501 (2019)
025501-3
For an infinite in-plane facet stiffness (μFS ¼ 0), the
folding/bending ratio μFB is varied for a fixed value of
kF ¼ 0.1 N=rad, in Fig. 5(a). Rigid origami is represented
by μFB ¼ 0, and μFB ¼ ∞ corresponds to a situation where
the pseudofolds capturing the bending of the facets are
perfect hinges. For the full range of μFB ¼ 0 to μFB ¼ ∞,
the decay of the localized actuation is linear. Increasing
μFB, effectively reducing the bending stiffness of the facets,
causes the local actuation to linearly decay within a shorter
length; for sufficiently high μFB, a strain reversal is
observed. Therefore, strain-reversal can occur without in-
plane facet deformations.
Next, the facets are constrained to remain planar
(μFB ¼ 0), and the effect of the in-plane facet stiffness is
investigated by varying μFS. Rigid origami is represented
by μFS ¼ 0, and μFS → ∞ corresponds to facets with no
in-plane stiffness. The results in Fig. 5(b) show a decay
towards the initial state. For sufficiently long tubes the
actuation will decay back to the initial state for all non-zero
μFS (see Supplemental Material [24]). However, no value
of μFS exhibits a strain reversal.
A physical structure is a combination of these two cases,
including both facet bending and in-plane facet deforma-
tions. Increasing μFS for a fixed ratio of fold and facet
bending stiffness μFB ≈ 0.1, effectively decreasing the in-
plane facet stiffness from infinity, shows a transition from a
linear elastic decay to a response observed experimentally;
see Fig. 6. The fixed value of μFB is derived from
experimental testing of the card used in the experiments
and equations outlined by Filipov et al. [13]; see
Supplemental Material [24] for further details, including
Refs. [11,13,15,23,26–28]. Therefore, it may be observed
that the bending of the facets causes a strain reversal in the
locally actuated Miura-ori tubes, with a spring back to
the initial condition caused by the in-plane deformations.
Of note is the sensitivity to changes in the ratios μFB
and μFS around the representative experimental values of
0.1. Figure 5(a) shows how μFB is insensitive to changes of
an order of magnitude. In contrast, μFS in Fig. 5(b) shows
a much greater sensitivity, suggesting that the effect of the
in-plane stiffness is more significant in the response to a
local actuation of the tubular origami structures. For a
comparison of the strain energy associated with the in-
plane and bending strains, see Supplemental Material [24],
which includes Ref. [29].
For Figs. 5 and 6 the fold stiffness is kept constant, kF ¼
0.1 N/rad, and the ratios μFB and μFS are changed by
altering the facet bending and in-plane stiffness, respec-
tively. Changing the fold stiffness 2 orders of magnitude
either way from a realistic value yields a near-identical
response; therefore, these conclusions can be considered
robust for a realistic fold stiffness.
Discussion.—Our results offer an insight into the behav-
ior of physical origami structures with embedded, localized
0 2 4 6 8 10
Unit Cells [-]
-0.5
0
0.5
1 FB
 = 0
FB = 10
-2
FB = 10
-3
FB = 10
-4
FB = 
FS = 0
kF = 0.1 N/rad
(a)
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FIG. 5. Effect of stiffness parameters on localization of actuation in a Miura-ori tube. (a) Ratio μFB of fold and bending stiffness is
varied for infinite in-plane stiffness (kS ¼ ∞). (b) Ratio μFS of fold and in-plane stiffness is varied for flat facets (kB ¼ ∞).
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FIG. 6. A transition from infinite to realistic in-plane facet
stiffness, where μFB ¼ 0.1 and kB ¼ 0.1 N=rad.
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actuation. We observe an elastic decay with a “strain
reversal” where an actuation causes a deformation of the
opposite sense elsewhere in the structure, before returning
to the undeformed configuration. This result challenges
the assumption of a simple exponential decay in modeling
tessellated origami structures [21]. Furthermore, incorpo-
rating the in-plane facet stiffness is shown to be critical in
capturing the observed response of origami structures.
Using a reduced-order bar-and-hinge model, the con-
tributions of the fold stiffness (kF), facet bending stiffness
(kB), and in-plane facet stiffness (kS) could be explored
separately. The elastic decay was characterized using two
stiffness ratios: μFS ¼ kF=kS and μFB ¼ kF=kB. For fixed
ratios, varying the stiffness does not change the response to
a local actuation; however, it would affect the amount of
energy an actuator would need to impart to achieve a
desired deformation. For Miura-ori tubes the elastic decay
is dominated by μFS.
By exploring distributed actuation we extend our ability
to design engineering origami systems, compared to
origami structures where all of the folds are actuated
simultaneously. This would, for instance, enable reconfig-
urable structures which can attain multiple configurations,
or the design of deployable structures with elastic hinges to
control the deployment speed.
The current work has focused on actuating origami
structures at a single location, and future work will explore
the interaction of multiple actuators distributed across the
structure. The work may also be extended to nonrigid
foldable patterns, dynamic actuation, power-limited actua-
tors, as well as development of physical prototypes.
Data are available at the University of Bristol data
repository, data.bris, at [30].
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